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CASE EVALUATION OF A SURFACE SEISMIC REFLECTION TECHNIQUE FOR 
DELINEATING COALBED DISCONTINUITIES 

By Gregory M. Molinda1 and David K. Ingram1 

ABSTRACT 

Coalbed discontinuities historically have been hazardous to mining as 
well as obstructions to efficient production. An effective means of 
mapping these features is needed in order to plan safe and efficient 
mine development. This Bureau of Mines report discusses the use of sur­
face seismic techniques for this purpose. 

At a southwestern Pennsylvania mine, a system of coalbed discontinu­
ities (paleochannels) was accurately mapped by the Bureau of Mines using 
borehole log methods and underground observation. This site was cho$en 
to test the value of a high-resolution surface seismic reflect:!.on tech­
nique for coalbed mapping. 

A statistical study performed at this mine indicated that the prob­
ability of accurately delineating this paleochannel system with conven­
tional borehole methods was remote. 

A total of 1.47 miles of high-resolution seismic survey, comprised of 
four seismic profiles, was conducted in known and suspected coalbed dis­
continuity areas. Several test holes were drilled on the seismic lines 
in order to evaluate the interpretations. It was found, based on these 
and other existing boreholes, that it is possible to predict these dis­
continuities. Paleochannel washouts were correctly predicted in several 
instances but in other instances were either incorrectly predicted or 
not predicted in areas of known discontinuities. 

, Geologist, pittsburgh Research Center, Bureau of Mines, pittsburgh, PA. 
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INTRODUCTION 

Discontinuities are defined as struc­
tures that interrupt the lateral continu­
ity of a coalbed. The hazards of en­
countering discontinuities within minable 
coalbeds have been well documented (~).2 
Equally important is the adverse economic 
effect to the coal industry in terms of 
lost production, sterilized reserves, in­
efficient development, and the cost of 
extraordinary roof support. The inten­
tion of this report is!, to evaluate the 
effectiveness of high-resolution seismic 
reflection in delineating coalbed discon­
tinuities large enough to affect mining 
safety and production. 

Coalbed discontinuities have histori­
cally been linked to hazards such as 
unstabie roof c.onditions, high gas emis­
sions, and methane ignition. In partic­
ular, the emission of methane into the 
mine atmosphere can be influenced by 
coalbed discontinuities. Discontinuities 
such as paleochannels can be reservoirs 
for gas or water and, when intercepted by 

2Underlined numbers in parentheses re­
fer to items in the list of references 
preceding the appendix. 

Ibed Po leoctlo nnel 

mining, can act to compartmentalize a 
coalbed reservoir. High-pressure methane 
may build up in these isolated cells. 
Also, coalbed discontinuities can hinder 
methane drainage efforts by deflecting 
boreholes or obstructing free migration 
of gas to the wellbore. Figure 1 illus­
trates the degree to which a coalbed res­
ervoir can be interrupted by a 
discontinuity. 

These structures can cause mining prob­
lems that can only be solved when coal­
beds can be accurately mapped in advance 
of mining. Although general trends can 
be identified, the accurate local mapping 
of discontinuities by exploration drill­
ing alone is nearly impossible. 

The cost of rotary drilling prohibits 
increasing the drilling density in order 
to provide the necessary coverage. Other 
problems include access and right-of-way. 
What is needed is a remote sensing tech­
nique that can provide accurate delinea­
tion of subsurface features at reasonable 
cost. One such technique, high­
resolution surface seismic reflection, 
has shown promise toward this end. Re­
cent adaptations of oilfield technology 

Test borehole--I 

FIGURE 1.-Coalbed discontinUities. 



to shallow coalbed exploration have 
located paleochannels on the order of 
several hundred feet wide (~). Seismic 
reflection has also been used to delin­
eate abandoned mine workings and burn 
cavities in underground gasification pro­
jects, as well as complicated structural 
features. 
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The Bureau of Mines field-tested a 
high-resolution seismic reflection tech­
nique at a site particularly well suited 
for this evaluation. The coalbed discon­
tinuities affecting the Pittsburgh Coal­
bed at this site were well documented by 
both drilling data and underground 
observation. 

UNCERTAINTY OF DELINEATING COALBED DISCONTINUITIES WITH CONVENTIONAL METHODS 

Coalbeds are commonly widespread, lat­
erally continuous, blanket deposits, but 
can be interrupted by a number of struc­
tures, including faults, clay veins, 
channel washouts, splits, rolls, and 
pinchouts, depending on the local deposi­
tional environment and the subsequent 
regional tectonic history. A coalbed can 
have any or all of these structures. 

The conventional way to conduct an ex­
ploration program on a coal property is 
by drilling a pattern of boreholes. The 
developer will dri.ll on a preselected 
grid with boreholes spaced on 1/2-
to I-mile centers. However, geologic 
features (paleochannel systems, faults, 
coalbed pinchouts, local structures) that 
could disrupt or limit the development of 
a resource often occur on a much smaller 
scale. These features and their trends 
could easily be missed by drilling on a 
grid of I-mile centers. 

Of particular interest to the present 
study are the depositional features known 
as paleochannels. Ancient distributary 
systems created vast wetlands for peat 
deposition as they emptied into inland 
seas. The sinuous distributary channels 
meandered across the depositional plain 
in response to changes in stream load, 
sea level, and local warping. These 
stream channels eventually become filled 
with silt and sand; it is at the contact 
of this channel fill with surrounding 

roof strata that hazardous roof condi­
tions can occur. In figure 2, a hypo­
thetical distributary channel system is 
overprinted with a standard exploration 
drilling grid; it is clear that such a 
grid could easily miss the bulk of the 
channel system. 

\. Exploration 
borehole 

• 

• • 

Paleochannel 

• 

FIGURE 2.-Hypothetical distributary paleochannel system with 
overprinted exploration borehole grid. 
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CHARACTER OF PALEOCHANNELS WITHIN THE STUDY AREA 

The Pittsburgh Coalbed is of minable 
thickness over large parts of Pennsylva­
nia, Ohio, and West Virginia (fig. 3) and 
is considered one of the most valuable 
fuel resources in the world. It is in­
cluded in the Pittsburgh Formation of the 
Monongahela Group in the Upper Pennsylva­
nian System. Though remarkably persis­
tent over a vast area, this coal bed is 
frequently intersected by local paleo­
channel systems. 

The Gateway coal mine is located in 
Green County in southwestern Pennsylva­
nia. It has been worked in the Pitts­
burgh Coalbed for over 50 yr, with a 
present annual production of 1.8 million 
tons. Extensive underground mapping in 
the western portion of the mine shows a 
paleochannel system that has influenced 
mining in the area (fig. 4). The general 
northwest-southwest trend of the system 
correlates with a regional trend pre­
viously identified (1). 

The individual discontinuities are 
elongate sinuous pods which may erode all 
or part of the coalbed. Paleochannels 
can be filled with either siltstone or 
sandstone depending on the energy regime 
of the environment. The paleochannels 
can also occur ·in the roof and can be 
totally undetected up until undermining. 
At this point, strata between the channel 
fill and the mine opening may loosen and 
fall, or at least necessitate supple­
mental support measures. 

The paleochannels range in width from 
20 ft to over 430 ft and in length from 
75 ft to over 2,625 ft. The largest one 
identified was of sufficient size to 

cause the operators to change their min­
ing plan. The West Mains section was re­
positioned 800 ft to the south, and a 
barrier pillar was left to the east of 
the 8 Face section because a "want" 3 was 
also suspected (fig. 4). 

-3A want i;-;-i~calized disappe;;;n-~--;-i 
a coal seam due to faulting, washout, or 
pinchout. 

N 

LEGEND 
Boundary of Pittsburgh Coalbed 
Study area 

o 20 40 60 
I I I I 

Scale, miles 

FIGURE 3.-Locatlon of study area and boundary of Pittsburgh 
Coalbed. 
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HIGH-RESOLUTION SEISMIC REFLECTION 

In an effort to evaluate the effective­
ness of high-resolution seismic reflec­
tion data for determining coalbed contin­
uity, a total of 7,750 ft (1.47 miles) of 
seismic line subsurface coverage was re­
corded in three different locations over 
four separate lines (fig. 5). Lines 1 
and 2 were located in a known want area 
because of good well control and in-mine 
survey information. The two lines con­
verge to the east over a mined-out area, 
and line 2 also extends over the mine on 
its western extension. Lines 3 and 4 
were located in virgin coal, based on 
corehole information that indicated a 
possible want area. An attempt was made 
to run lines as close to existing core­
holes as possible in order to tie seismic 
data to well control. A detailed de­
scription of the field geometry and 
acquisition program is included in the 
appendix of this report; generally the 
data were recorded with single geophones 
and shot points spaced on 20-ft centers. 
This arrangement is designed to give sub­
surface data points every 10 ft. The 
energy source used was a Mapco 21-mm 
Seisgun5 that provided a useful range of 
high-frequency energy. The gun fires a 
3-oz lead slug into the ground and is 
capable of successive firings for data 
stacking. The data are recorded on mag­
netic tape and sent for final processing. 
Computer processing of the magnetic tapes 
includes filtering noise, elevation and 
position statics, waveform normalization, 
and editing. Finally, human interpreta­
tions are made on the processed record. 

A useful preliminary step to interpret­
ing seismic data is the construction of a 
synthetic seismogram. This plot repre­
sents the integration of subsurface rock 
velocities and enables correlation of 
production reflections with actual litho­
logic horizons. Gateway No. 1 test hole 
was drilled in order to provide downhole 
information (velocities and rock densi­
ties) for this calibration exercise. 
Sonic log, linear density log, and 

5Reference to specific 
not imply endorsement by 
Mines. 

products does 
the Bureau of 

check-shot velocity survey were run down­
hole for this purpose. 

Complete seismic time-distance records 
were generated for all four of the pro­
duction lines. From these records sub­
surface cross sections were made as well 
as isopach and structure contour maps. 

For a mapping tech~ique to be useful to 
mine planning, it is necessary to achieve 
the following resolution: 

1. Coalbed thickness: ~5.0 ft 

2. Faulting: offset )5.0 ft 

3. Discontinuity: paleochannels 
~100 ft wide 

4. Coalbed rolls: elevation accuracy 
to ±5.0 ft 

The results of the seismic survey are 
evaluated based on these criteria on a 
line-by-line basis. 

LINES 1 AND 2 RESULTS 

Figure 6 is the fully processed, inter­
preted seismic record for line 1. Three 
different horizons were targeted for 
tracking: horizon A (an interpreted un­
conformable surface), horizon B-C (the 
Waynesburg Coal interval), and horizon 
D-E (the Pittsburgh Coal interval). 

The main target objective, the Pitts­
burgh horizon, is indicated by the lineup 
of the variable-area peaks of individual 
reflections (approximately 0.12 s, hori­
zon D-E). This particular reflection 
band choice as the Pittsburgh Coalbed is 
based on the log of the Gateway No. 1 
well and the synthetic seismogram con­
structed from downhole velocity data. 
The Pittsburgh horizon is interpreted as 
being interrupted at shot points 57-65 
(paleochannel), shot point 47 (fault), 
shot points 26-32 (paleochannel), shot 
points 12-17 (paleochannel), and shot 
point 8 (fault) (fig. 6). For the three 
paleochannels listed above, the interpre­
tation is based on downbowing or termina­
tion of the reflector interval. These 
channels range from 80 to 160 ft wide. 
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FIGURE S.-Isopach map of Pittsburgh Coal bed at present extent of mining. 
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FIGURE S.-Processed Interpreted seismic record for line 1. 

The seismically determined channels are 
in the correct size range when compared 
with known channels observed underground. 
Because of the inability to resolve top 
and bottom horizons seismically, it is 
impossible to estimate the extent to 
which the coal bed is affected. 

Figure 7 is a structure contour map 
drawn on top of the Pittsburgh Coal bed at 
lines 1 and 2. It was constructed using 
the seismic reflection data and shows the 
interpreted paleochannel discontinuities 
interrupting the Pittsburgh Coalbed. 

Additional features are interpreted fault 
planes and located exploration holes. It 
is felt that the interpreted orientation 
of the channels is reasonable based on 
three occurrences along line 1 and two 
occurrences on line 2. 

A test hole (Gateway No.2), showing 
the Pittsburgh Coalbed was indeed washed 
out, was drilled at shot point 61 on line 
1 to the Pittsburgh horizon and below. 
The coalbed was replaced by a sandy silt­
stone. This composition is common for 
paleochannel fill, based on underground 
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FIGURE 7.-Structure contour map of top of Pittsburgh Coalbed at lines 1 and 2, constructed from interpreted seismic reflection data. 

observation. Figure 8 is a depth cross 
section of line 1. It was constructed 
from the time record using downhole ve­
locities obtained from the Gateway No. 1 
test hole. This section shows the 
washed-out coalbed at shot point 61, as 
well as interpreted faults. 

Fault interpretation is based on re­
flection offset. The minimum, frequency 

controlled, offset resolution is 10 ft. 
Interpreted fault offsets along lines 1 
and 2 are on the order of 10 ft, just at 
the limit of resolution. Underground ex­
perience in the area shows offsets to be 
around 2 to 5 ft, but offsets of 10 ft 
are known in channel slump features. The 
only way to evaluate a fault interpreta­
tion would be to drill immediately on 



10 

NW 75 65 55 45 

SHOT POINTS 

35 25 15 5 -5 SE 
0 --.,---~~---, 

Expanded cross section - Line I 
100 

A ------i~i;;;;;;;;~i:Oft-/~--_LJ ... ~_Wa.hlngton, 1.5~unconformltY 
---200 

B 
300 

C 7 - Waynesburg Coal ... 
Interval t 

Q. 400 

-----A . .. ~=CB 

~
-~-~;..-

~ynesbUrg,.§:.?.t CH ----,/ 
Uniontown, 2.0 It Waynesburg COQllnterval 

w 
0 

500 Sewickley, 2.0 It 

600 

700 

.... CH 

===~"'-"" Pins burgh !~= =~ 
(mined out) j 

800 
0 200 400 600 800 

DISTANCE,ft 

1,000 1,200 1,400 1,600 

LEGEND 
Sandstone _ Coal 
Limestone E'fillJill Siltstone 
Shale _S!!_Channel 

A Target horizon 
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either side of the fault plane and mea­
sure offsets, or to map the area immedi­
ately after mine-through. In this case 
mining was not considered owing to the 
known presence of a want. 

The faults interpreted for shotpoints 
45-55 are drawn to extend between the 
Waynesburg and Pittsburgh horizons. This 
type of major structure is rare in the 
area. More likely these offsets are 
local depositional slump blocks common to 
coal measures that are intersected by 
paleochannels and do not extend between 
coalbeds. This is a situation where 
knowledge of local structure and coalbed 
geology would aid in the interpretation. 

The accurate contouring of coal bed 
thickness was determined to be unreliable 
based on the quality of data available. 
To measure coalbed thickness, distinct 
reflections of both the top and bottom of 
the seam must be resolved. The data be­
ing recorded at that depth are not of 
high enough frequency to separate the top 

and bottom horizons. Therefore, the use 
of this seismic method for mapping coal­
bed thickness in this situation is not 
possible using the interpretive methods 
available at this time. 

The mapping of local structural trends 
was an objective of the seismic reflec­
tion technique. Though somewhat incon­
sistent, the results show that structural 
elevation can be successfully predicted. 
Table 1 compares the variation of pre­
dicted seismic lithologic tops from lines 
1 and 2 with actual log data. It can be 
seen that the predicted structural tops 
of the Pittsburgh horizon vary by as much 
as 21 ft from the actual top location. 
For example, in borehole GD-55 the eleva­
tion of the top of the Pittsburgh Coalbed 
from the borehole log is 375 ft. The 
predicted elevation from seismic inter­
pretation is 373 ft. The variation in 
top elevation is 2 ft. In boreholes GD-
55, JLF-41, and Gateway No. 1 the Pitts­
burgh top predictton was reasonably 



accurate, 
hole the 
predicted. 

TABLE 1. - Variation of seismic interpretation from actual 
log data, lines 1 and 2 

Pittsburgh top (elevation Variation, 
Borehole above sea level), ft ft 

Log Seismic 
GD-6 •••••••••••••••••• 373 352 21 
GD-55 ••••••••••••••••• 375 373 2 
GD-IOI •••••••••••••••• 383 392 9 
Gateway No. 1 ••••••••• 372 376 4 
Gateway No. 2 ••••••••• Washout Washout 0 
Gateway No. 3 •.•...••• 381 Washout NA 
JFL-41 ••.•...•.•.•.••• 377 374 3 
JA -1 ••••••••••••••••• if 384 369 15 
NA Not available. 
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but in the Gateway No. 2 test 
channel washout was exactly 

Figure 9 is the fully processed, inter­
preted seismic record for line 2. The 
same three target horizons (A, B-C, D-E) 
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are indicated. Interpreted paleochannels 
include Pittsburgh horizon shot points 38 
and 47, Waynesburg horizon shot point 11, 
shot points 25-47, and shot point 58. 
Faulting is interpreted through the 
Pittsburgh horizon at shot point 56. 

On line 2 an interpreted paleochannel 
located in the Pittsburgh Coalbed at shot 
point 38 was also tested by drilling 
(Gateway No.3) (fig. 10). In this case 
an entire section of Pittsburgh Coalbed 
sequence was encountered. While this 
situation shows an obvious failure to 
seismically predict the paleochannel, 
some of the coalbed properties are inter­
esting. The coal core was vertically 
fractured and otherwise distorted with 
slickensides. This caused rotation of 
the core in the core barrel and the loss 
of 3.4 ft of coal. This type of distur­
bance is common in coal adjacent to or on 
the margins of paleochannels. Thus, it 
is possible that a paleochannel is 
nearby. 

Other existing exploration holes were 
located on or near predicted paleochan­
nels along lines 1 and 2 (fig. 7). Bore­
hole GD-7 is located on the margin of a 
predicted paleochannel and shows only 
2.4 ft of coal. Hole GD-8 is located 
directly in the paleochannel trend and 

shows 3.8 ft of Pittsburgh Coal. These 
are encouraging results. Both holes in­
dicate the location of thinning trends 
within predicted washout areas, but hole 
J-I0 shows 6.5 ft of coal directly within 
the predicted channel trend. This could 
be the result of error in predicting the 
trend of the meandering channel. A shift 
of only a few degrees in either direction 
could move the interpreted channel away 
from hole J-10. 

Figure 11 is a conceptual drawing of 
the want area at lines 1 and 2. It was 
constructed from interpreted seismic data 
from lines 1 and 2. This interpretation 
of the processed seismic record shows a 
bifurcating channel and another channel 
meander in their spatial relationship to 
the mined-out areas. Small-scale fault­
ing is also shown. This is the type of 
information desired from seismic survey. 

Other discontinuities identified seis­
mically on line 1 include a washout at 
the Waynesburg interval from shot point 
17 to shot point 27 (approximately 200 ft 
wide). Although not directly tested, it 
is known that in the study area the 
Waynesburg Coalbed has a consistent lith­
ology. Therefore any individual washout 
of Waynesburg coal is probably 
misinterpreted. 
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FIGURE 11.-Conceptual drawing of subsurface at lines 1 and 2 constructed from seismic reflection data. 

Between shot points 47 and 54 on line 
1, the quality of the data breaks down. 
The prominent Waynesburg banding dis­
appears. Possibly dispersed energy from 
the adjacent slUmp blocks is attenuating 
the signal in this area. 

Horizon A was tracked on all four lines 
because of the unusual convergence of re­
flector bands. This situation has been 
interpreted as representing an unconform­
ity. Convergence of this horizon with 
the Lower Waynesburg Coalbed is seen on 
all four time-distance sections. It is 
estimated from this unconformity that 80 
to 100 ft of stratigraphic section is 
missing from the Pittsburgh-Waynesburg 
interval. Convergence of horizons A and 
B-C generally occurs to the east and 
northeast on line 3 (fig. 12). Addition­
ally, on line 3, there appears to be an 
interpreted sharp truncation of the 
Waynesburg interval by horizon A at shot 
point 91. As mentioned above, the 
Waynesburg Coa1bed is almost always pres­
ent. Drill hole GD-62, located approxi­
mately 800 ft from the truncation of line 
3, confirms this, showing over 6 ft of 
Waynesburg coal. Though no other evi­
dence of this unconformity exists, the 
reflector convergence still indicates 
this type of structure. 

The portion of line 1 
point 1 extends over a 
The presence of the mine 

east of shot 
mined-out area. 
should be seen 

in the seismic record. Figure 6 is seis­
mic record from line 1 and shows the ter­
mination of the D-E reflector (Pittsburgh 
Coa1bed) right at the mine boundary. 
This correlation .is encouraging. Line 2 
extends over the mine on its western ex­
tension (west of shot point 11). In this 
case the strong Pittsburgh Coalbed re­
flector extends past the mine boundary, 
whereas, in theory this reflector ought 
to deteriorate owing to reverberation of 
incident energy in the mine. 

LINE 3 RESULTS 

Line 3 is located approximately 1/2 
mile south of the West Main development 
of the Gateway Mine (fig. 4). It is 
2,360 ft long and was shot on the side of 
a hill roughly parallel to the topo­
graphic contours along the valley wall. 
This line was located in a suspected want 
area in virgin coal. Figure 12 is the 
processed seismic section, and Figure 13 
is the interpreted depth cross section. 
The overall quality of field records 
obtained on line 3 was better than that 
obtained on either line 1 or 2; this is 
attributed primarily to better signal 
transmission through higher velocity 
near-surface bedrock layers present along 
the profile. Eight major faults 
are interpreted to explain offsets on 
both the Waynesburg and Pittsburgh 
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FIGURE 12.-Processed Interpreted seismic record for line 3. 

horizons. This type of major structure 
d'oes not occur in the area, and the off­
sets are most likely local slump block 
faults and not correlatable between 
horizons. 

Four exploration coreholes provide con­
trol data to test the, interpreted seismic 
horizons (fig. 14); table 2 lists the 
comparison of actual logged horizons with 
interpreted seismic horizons for three of 

TABLE 2. - Variation of seismic interpre­
t'ation from actual log data, line 3 

Top (elevation' above Varia-
Borehole sea level), ft tion, 

Log I Seismic ft 
WAYNESBURG 

GD-61 •• ~. 679 730 51 
GD-69 •••• 683 678 5 
GD-70 •••• 684 722 38 

PITTSBURGH 
GD-61 •••• 362 Washout NAp 
GD-69 •••• 354 347 7 
GD-70 •••• Washout Washout 0 
NAp Not applicable. 

the holes. The remaining borehole, GD-
71, is located outside the area of in­
fluence considered reasonable for seismic 
interpertation. Although the Pittsburgh 
horizon was picked 7 ft lower than it 
actually is in borehole GD-69, borehole 
GD-70 confirms the seismic interpreta­
tion. Borehole GD-70 is located exactly 
in the interpreted paleochannel and shows 
no trace of the Pittsburgh Coalbed. 
Borehole GD-61 is located on the margin 
of the interpreted channel and shows only 
3.5 ft of the Pittsburgh Coalbed. But if 
the trend of the interpreted paleochannel 
is turned to the west, which is reason­
able since only one dimension can be 
assumed by line 3, then this borehole 
would also fall within the channel mar­
gins and would be considered a successful 
test. The variation between seismic in­
terpretation and log data in the 
Waynesburg horizon is even greater, prob­
ably owing to lack of calibration veloc­
ity data. 

On the southwest end of line 3, the 
seismic data indicate a marked rise in 
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FIGURE 13.-Cross section of line 3 showing structure interpeted from seismic reflection data. 

elevation of both the Pittsburgh and 
Waynesburg horizons (figs. 12 and 13). 
A total elevation change of over 200 ft 
in approximately a quarter mile is indi­
cated. This degree of structural change 
is unknown in this region and is most 
definitely in error. 

A paleochannel is indicated at shot 
points 65-72. Downbowing and cycle 
splitting of the reflector are the inter­
pretation criteria. 

LINE 4 RESULTS 

Line 4 is located approximately 1 mile 
northwest of lines 1 and 2 (fig. 5). 

It is 2,600 ft long and was shot along a 
State highway with medium-light traffic. 
Field conditions and recording condi­
tions were generally fair to poor, and 
there were three gaps of four- or five­
station intervals where geophones or 
shots could not be employed across access 
roads and a utility pipeline. At many 
line stations the detectors could not be 
buried or planted securely owing to ex­
tended patches of hard roadbed gravel or 
compacted soil, resulting in a very low 
seismic signal-to-noise ratio. Conse­
quently, the data from line 4 are of low­
er quality than earlier data, and there­
fore are not presented. 
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EVALUATION OF THE EFFECTIVENESS OF HIGH-RESOLUTION SEISMIC 
REFLECTION FOR COALBED EXPLORATION 

COALBED THICKNESS 

The mapping of coalbed thickness by 
seismic reflection at the Gateway study 
area has been shown to be unreliable. 
The average thickness of the Pittsburgh 
Coalbed at the Gateway Mine is approxi­
mately 5.2 ft. For accurate resolution 
of both the top and bottom horizon re­
flections, given the same quality of 
data, the coal height would need to be a 
minimum of 10 ft. It is estimated that 
1,000 Hz return energy would be needed to 
achieve the desired resolution (5.0 ft). 

FAULTING OFFSET 

Fault offsets on lines 1 and 2 are 5 to 
10 ft. There are two interpreted faults 
at the Pittsburgh Coalbed horizon and 

three interpreted faults at the 
Waynesburg Coalbed horizon on the pro­
cessed record of line 1 (fig. 6). This 
amount of offset is very near the level 
of resolution, so interpretations are 
difficult. But it appears possible that 
local offsets of this magnitude can occur 
around the margins of paleochannels (4). 
Underground mapping has confirmed the ;x­
istence of slump blocks along channel 
margins, and these faults may be inter­
preted as such. The interpretation of 
faults to extend several hundred feet be­
tween coalbeds (figs. 6 and 12) appears 
to be unlikely. On line 2, faulting is 
indicated only at shot points 55 and 52. 
Interpretation criteria are indirect and 
include vestigial diffraction events and 
migrated seismic noise. 



On line 3, eight faults are interpreted 
to interrupt the sequence (fig. 12). All 
of the faults appear to die out below the 
interpreted unconformity (horizon A). 
The faults may still be related to the 
one predicted channel (shotpoints 62-77), 
but the predicted offsets of 10 to 30 ft 
are considered large for local slump 
blocks. That the faults are continuous 
through the Waynesburg Coalbed is con­
sidered unlikely. It is possible that 
offsets occur independently in the 
Waynesburg Coalbed, and this may well be 
the more accurate interpretation. 

Reflector offsets are the most obvious 
interpretation criteria for faults. 
Cycle splitting and deterioration of re­
turn signal may also be important, but 
differentiating between these events 
and unrelated noise is difficult. Reso­
lution of small-scale offsets (~10 ft) is 
still unreliable. 

DISCONTINUITY 

The identification of coalbed discon­
tinuities was a major objective of the 
project. Paleochannels were identified, 
and two were proven by test drilling. 
Consistent identification of these struc­
tures is thought to be an achievable 
goal. An interpreted discontinuity was 
confirmed by the Gateway 2 test hole on 
line 1. On lines 1 and 2, several bore­
holes indicated thin coal in a seismical­
ly predicted discontinuity. Although not 
completely accurate, this indicates 8 

channel in the vicinity and that the 
problem with horizontal resolution needs 
attention. On line 3, a paleochannel 
washout was correctly predicted seis­
mically, as proven with an existing ex­
ploration hole. A necessary improvement 
in application would be the identifica­
tion of channels in the roof, that do not 
intersect the coalbed. Identifying such 
channels would be more difficult since 
termination or downbowing of the strong 
coal reflector is the primary criterion 
for discontinuity, and neither of these 
events would occur if the coal seam were 
not intersected. A modeling study of 
synthetic seismic response to specific 
types of discontinuities to establish ~ 
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set of interpretation criteria would make 
interpretation much more reliable. Al­
though it is difficult to determine the 
extent to which the coalbed is inter­
rupted, the detection of this type of 
discontinuity (paleochannel) appears to 
be the most successful part of the seis­
mic reflection mapping study. Interpre­
tation of the endpoints of discontinui­
ties is estimated at between one and two 
surface station intervals (20 to 40 ft). 

COALBED ROLLS 

The mapping of structural trends, 
another objective, was hindered by the 
need for more velocity calibration data. 
Although in a number of instances the 
tops of target horizons were successfully 
mapped, there is a need for more consis­
tency in predicting target depths. Of 11 
test cases in which borehole control was 
available, 5 were considered to be rea­
sonably accurate interpretations of coal­
bed elevation. 

QUALITY OF SEISMIC DATA 

Lines 1 and 2 were located at 
tom of the Ruff Creek valley. 
of about 10 ft of alluvium 

the bot­
An average 
fills the 

valley and posed a problem to energy 
transmission. Low velocities from the 
unconsolidated deposits caused attenuated 
signals and contributed to lesser quality 
data. One solution would be to drill 
shot holes to consolidated material to 
allow a better chance for deep energy 
transmission. In addition these holes 
will help reduce unwanted airwaves and 
also ground roll, which tends to swamp 
returning signals. 

Data from line 3 were probably of the 
highest quality of all the lines. Since 
line 3 was located on a hillside, uncon­
solidated material consisted of weathered 
bedrock. Average velocities for this 
material are higher than for valley fill 
and allow better energy transmission. 
Although there data were of Detter qual­
ity than the data for lines 1 and 2, lack 
of calibration information made some in­
terpretations suspect. Overall, the 
quality of datoa is considered fair. 
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IMPROVEMENTS IN THE QUALITY 
OF ACQUIRED DATA 

A number of practices may help to im­
prove the quality of data gathered or 
provide the kind of information necessary 
to improve interpretation of the pro­
cessed seismic data. For accurate seis­
mic maFping, a basic grid rre:twork elf 
seismic lines is required. Single pro­
files are often inadequate, especially if 
the separation between profiles is large .• 
A grid of some form yields both strike 
and dip information as well as the very 
important element of being able to tie 
the interpreted horizons in a closed net­
work similar to that used in conventional 
surface surveying. 

A square grid over a prospect area with 
at least two corehole control points at 
either end tied to two profiles each 
would be an optimum layout; such a layout 
is shown in figure 15A. A less ideal but 
still acceptable grid could be done in 
some form and tied to boreholes along a 
single profile such as is shown in figure 
158. A ~ore probable layout, considering 
access abd terrain, would more likely be 
similar t~ that shown in figure 15C; such 
a layout is acceptable if the borehole 
offsets to the profiles are not tuo 
great. 

The point to be emphasized is that all 
seismic lines should be tied, and as much 
borehole control as practical should be 
integrated within the network so that 
common~depth-point seismic velocities 
along each profile can be adjusted over 
the network to yield more accurate depth 
estimates. 
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Calibration holes are critical to ac­
curate interpretation. Gateway No.1 was 
drilled specifically for this purpose be­
tween lines 1 and 2. The subsequent in­
terpretations were more accurate than 
those for lines 3 and 4, where no veloc­
ity or density information was available. 

All calibration boreholes should be 
drilled past the Pittsburgh Coalbed 
interval at least 20 to 30 ft so that ~h~ 
underlying rock unit velocities can be 
obtained. Sonic logs with an integrated 
tilue trace should be run in each borehole 
and carefully edited to eliminate cycle 
skips and spurious velocities. 

One problem that surfaced early in the 
study was in the interpretation of re­
corded reflections. There is a need to 
model accurately the seismic response to 
actual materials, like the silt and sand­
stone that fill paleochannels. Duffy (1) 
generated seismic responses to synthetic 
materials that simulated channel fill. A 
sequence of synthetic seismogram cali­
bration model profiles should be produced 
showing a variety of geologic features. 
These include thin sandstone and coal 
lenRes, eroded channels of various widths 
and depths, faulting at various depths 
and with different amounts of displace­
men~, and various thicknesses of typical 
coal bed units and surrounding strata to 
define resolution limits. A modeling 
s~udy is a key element in establishing a 
set of recognition criteria involving 
definition of seismic stratigraphy. 

Since it appears that local lithology, 
surface fill, and weathered layers are 
important in the transmission of incident 
energy, it is a good idea to test the 

FIGURE i5.-Possible field geometries for seismic reflection programs. 



transmission properties of rock before 
the actual production survey. By setting 
test shots from within the mine to 
be detected at the surface, one can 
determine both the dominant frequency 
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received and to what degree the signal 
will be impeded. This variation of the 
downhole seismic reference test can aid 
in evaluating the probability of a suc­
cessful seismic survey. 

EFFECTIVENESS OF EXPLORATORY DRILLING FOR DELINEATING A PALEOCHANNEL SYSTEM 

Exploratory drilling on a coal property 
is generally conduc~ed in phases. The 
first phase usually consists of widely 
spaced (3- to 4-mile centers) test holes, 
which are used to conform the regional 
presence of coal on the property and its 
quality. These holes are the initial 
evaluation points, and data from them may 
influence the decision to purchase and 
develop the property. The next phase 
would consist of infilling the wide pat­
tern in the area where mining is to be 
started. If thin or absent coal is en­
countered, then closely spaced test holes 
(l,OOO-ft centers) may be drilled in an 
attempt to delineate the want area. Fig­
ures 16 through 18 show the chronological 
progression of exploration and develop­
mental data available in the study area 
through time. Figure 16 is an isopach 
map of Pittsburgh Coalbed thickness in 
the study area prior to mining. There 
are 30 test holes over the 11.5-mi 2 study 
area, drilled on roughly 3,200-ft cen­
ters. These data indicate four areas of 
thin or absent coal. Two of these wants 
are indicated by only one borehole, one 
is indicated by two holes, and one is in­
dicated by four holes. With only these 
data, the ability to delineate the size, 
shape, or trend of the want areas is 
greatly diminished. 

Figure 17 is a Pittsburgh Coalbed iso­
pach map based on additional borehole in­
formation and mine surveys. All subsur­
face information up until 1976 has been 
considered. A total of 38 boreholes and 
72 mine survey points provide data for 
mine planning. The new information 
actually provides little additional 

resolution of the geometries of known 
want areas. The West Mains development 
is approaching an area of thin coal. 
With only the sparse borehole information 
available at that time, there was no way 
to determine the extent of the discontin­
uity. Subsequently, the development was 
halted and turned south around the 
discontinuity. 

Three coreholes in the northwest quad­
rant of the study area show two potential 
want areas (fig. 17). With only this in­
formation, conventional contouring meth­
ods will represent these areas as large 
pods with no detail at all. Efficient 
development of these areas will require 
a much denser borehole exploration 
program. 

Figure 5 is a coal isopach map con­
structed from all available conventional 
subsurface information up to the present 
time. This information includes 107 
boreholes and 269 mine survey points and 
measured sections. From this map, the 
size and complexity of the channel system 
in the west mains and 8 face area can be 
seen. The sand- and silt-filled paleo­
channels enter and exit the coal bed from 
the roof in a random manner. In-addi­
tion, coal adjacent to the margin of the 
stream channel deposit locally reaches a 
thickness of over 7 ft. This type of de­
tail is impossible to obtain with conven­
tional exploration no matter how dense 
the drilling grid. In contrast, the 
large isopached pods of thin coal in ad­
vance of mining remain featureless. It 
is almost certain that they are as com­
plex as the mapped system. 
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FIGURE 18.-lsopach map of Pittsburgh Coalbed in the 8 Face area with referenced discontinuities and hypothetical borehole grids. 

PROBABILITY OF ENCOUNTERING COALBED DISCONTINUITIES AT GATEWAY MINE 

Houseknecht (~) has discussed a method 
for estimating the probability of encoun­
tering coalbed discontinuities in virgin 
coal based on their size, shape, and 
orientation. Probabilities are calcu­
lated for different bor.ehole spacings and 
grid patterns. The technique assumes a 
certain amount of control data. Given 
the borehole information and mine surveys 
available at the Gateway Mine, it is pos­
sible to characterize the size, shape, 
and orientation of known discontinuities. 
The assumption is that the same physical 
properties of discontinuities will occur 

over the rest of the unexplored property, 
and that the occurrence of discontinui­
ties can be predicted given certain bore­
hole spacings. 

Discontinuities in the 8-Face area of 
the Gateway Mine are defined as any area 
in which the coal height (Pittsburgh 
Coals, main bench) is under 5 ft. Coal 
height under 5 ft is considered low for 
this area and can cause roof control 
problems as well as low production. 

An area of 0.78 mi 2 was outlined within 
the study area. Underground observation 
and borehole information identified 16 



discontinuities based on the criteria 
stated above (fig. 18). The total area 
of the 16 discontinuities is 0.04 mi 2 , 

accounting for approximately 5 pct of the 
outlined area. Two hypothetical borehole 
grids were overlain on the smaller study 
area (fig. 18). At a spacing of 1,000 ft 
only 1 of 30 test holes encountered a 
discontinuity, or about a 3-pct success 
rate. Actual boreholes drilled in the 
discontinuity area showed 5 out of 16 
holes encountered 5 ft or less of coal, 
or a 31-pct success rate. This rather 
high success rate was biased because 
holes were being targeted for known areas 
of discontinuity. Boreholes were located 
in an attempt to delineate the want based 
on the previous borehole encounter. 

The technique for estimating the prob­
ability of encountering discontinuities 
has been applied to ~he Gateway Mine 
property. For each numbered discontinu­
ity, table 3 indicates the borehole spac­
ing that would be necessary in order to 
be 100 pct, 85 pct, and 75 pct certain of 
hitting the specific discontinuity with 
an exploration test hole. For example, 
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if discontinuity 9 were selected, in 
order to be 100 pct certain of detecting 
thi'S 1,100- by 250-ft N 48° \'1 oriented 
discontinuity, with a designated shape 
factor of 0.2, test holes would need to 
be spaced 463 ft apart. As the confi­
dence level is reduced, the associated 
minimum borehole spacing is increased, as 
indicated in the table. It is unrealis-
tic to expect primary exploration drill­
ing grids to space holes on 463-ft cen­
ters, as would be necessary to detect 
discontinuity 9. Not only would this 
practice be uneconomical, it would prob­
ably present property access problems as 
wel1. 

At the borehole spacing used by the 
mine for exploration (1,500-ft centers), 
only the longest discontinuity would have 
been detected and then at only one point 
(No.7, 2,625 ft long). It becomes obvi­
ous that the paleochannel system that has 
seriously affected coalbed thickness in 
the study area would have little chance 
of being adequately delineated by a con­
ventional borehole grid. 

TABLE 3. - Borehole spacing related to probability of discontinuity detection, 
Gateway Mine study area 

-- ------------A-axis B-axis Shape Borehole spacing, ft, necessary to 
Discon- length, length, Orientation factor achieve given p robability (P) of 
tinuitrl ft ft (B-axis) encoun~~r:t 

A-axis P = 100 pct P = 
1 ••••••• 330 lOO- N 19° E 0.3 203 

~discon~inuity ___ _ 
~pct P _':_~~<:E.. 
240 252 

2 ••••••• 200 85 N 2P E .4 132 1-78 200 
3 ••••••• 320 55 N 62° E .2 183 214 232 
4 ••••••• 323 75 N llo E .2 136 161 185 
5 ••••••• 400 217 N 8° E .5 291 356 400 
6 ••••••• 245 75 N 24° E .3 163 196 228 
7 ••••••• 2,625 433 N 18° W .2 1,312 1, 616 1,750 
8 ••••••• 315 194 N 13° W .6 280 376 360 
9 ••••••• 1,100 250 N 48° W .2 463 587 629 
10 •••••• 110 55 N 25° W .5 185 220 251 
11 •••••• 590 225 N 60° W .4 392 556 590 
12 •••••• 640 180 N 77° E .3 342 427 466 
13 •••••• 435 140 N 8P E .3 218 268 290 
14 ...... 130 90 N 23° W .7 192 236 256 
15 •••••• 95 37 N 19° W .4 64 80 92 
16 •••••• 75 25 N 0° .3 34 40 46 
lLocations shown in figure 8. 
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CONCLUSIONS 

High-resolution seismic reflection was 
most successful in delineating paleo­
channel discontinuities. In several 
cases, boreholes confirmed th~ existence 
of interpreted channel washouts. Fault 
offsets of 5 to 10 ft on lines 1 and 2 
are considered reasonable, although dif­
ficult to confirm. Fault offsets of 10 
to 30 ft on lines 3 and 4 are less reli­
able. The questionable interpretation of 
lapge structural changes in the target 
horizon elevation along lines 3 and 4 is 
attributed to the lack of velocity cali­
bration data; however, looally, the ele­
vations of the objective reflectors were 
reasonably predicted in 5 of 11 cases. 

The mapping of coal bed thickness was 
unsuccessful. Higher frequency return 
signals are needed to resolve both top 
and bottom of a 5- to 6-ft coalbed. 

Interpretation of processed records ap­
pears to be a significant problem. Lack 
of experience in this area could be cor­
rected by modeling experiments. Other 
improvements, such as better field geome­
tries for seismic lines, adequate bore­
hole calibration data, and improved 

transmission of incident energy, may help 
produce a better final product. 

The ideal use for seismic reflection is 
to provide developmental data. If bore­
hole information and underground observa­
tion indicate the approach to a want 
area, then several well-placed seismic 
lines may be more effective anfl economi­
cal than a large number of boreholes. 

A total of 107 exploration holes, aver­
aging 800 ft deep, have been drilled on 
the Gateway Mine property. At the cur­
rent rate of $12/ft for core drilling, 
over $1 million has been spent for explo­
ration. Adding-approximately $1,000 per 
site for mobilization and demobilization, 
site preparation, and cleanup, the cost 
approaches $1,200,000. It is acknowl­
edged that exploration coreholes are a 
necessi ty, to property evaluation. The 
need for a physical sample of coal and 
roof and floor rock for chemical and 
physical analyses will always remain. 
But it is suggested that a mix of drill­
ing data and seismic reflection coverage 
can provide more information than either 
exploration technique can provide alone. 
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APPENDIX.--DATA ACQUISITION AND PROCESSING PROCEDURES 

ACQUISITION SPECIFICATIONS 

The following equipment and field 
procedures were used: 

Mapco 21-mm Seisgun as 
source 

the energy 

DHR 1632 instruments for recording 

48 record channels 

1/4-ms sample rate 

1.5-s record length 

Geophones with 40-Hz standard frequency 

Geophones spaced at 20-ft intervals 

Single geophones 

Shot point intervals of 20 ft 

Subsurface data points every 10 ft 

End-on 20-ft offset profiles 

12-fold CDP stack 

FIELD PROCEDURES 

The initial field work in the project 
area began on line 1 and consisted of de­
termining the local seismic properties of 
ground roll, thickness of the low­
velocity weathered layer, ambient noise 
level, and energy transmission. 

A low-cut filter setting of 90 Hz on 
the seismic amplifiers eliminated the 
low-frequency fan motor noise, and plant­
ing the geophones deeply into the soft 
soil, as well as covering the lead-in 
cables of the detectors, virtually elim­
inated high-frequency wind noise. Road 
traffic and drill motor noise was avoided 
by shooting when all was quiet. No 60-Hz 
power line interference was evident. 

Preliminary shot-induced noise tests 
indicated that ground roll modes of 40 to 
57 Hz were generated but could be largely 
attenuated with the low-cut instrument 
filters of 90 Hz. At some locations, 

for example on the west ends of lines 1 
and 2, where the marshy surface was ex­
tremely undulated, the inboard 8 to 12 
traces close to the shot showed marked 
ground roll effect, but as a general 
rule ground roll was not a major problem. 

The surface shots from the Seisgun pro­
duced an airwave at a velocity of about 
1,050 ft/s with apparent frequencies of 
155 to 160 Hz. Most of the field records 
show this noise train. There was no 
practical way to mask the energy in the 
field, but it was easily muted out in 
processing. 

SOllrce comparison' tests were conducted 
on line 1 and later on line 3. Steeples 
(7)1 had conducted high-resolution tests 
using a small-bore 30.06 rifle adapted to 
a Seisgun configuratipn and had recorded 
frequencies "above 200 Hz with some 300 
and 400 Hz signal" on shallow experimen­
tal profiles in Kansas. The same source 
unit was acquired for testing, but in the 
soft surface clays on both the east and 
west ends on line 1, the bulk of the im­
pact energy was absorbed and the small­
bore unit was useless. 

A second comparison was made using 6-in 
to 3-ft lengths of 200-grain prima cord 
wadded and placed in shallow 4- to 5-
ft-deep holes drilled with a portable 
auger powered by a small two-cycle en­
gine. On line 1 the primacord results 
were fair to inconclusive compared to re­
sults of multiple shots with the 8-gauge 
Seisgun. It had been anticipated that 
the small dynamite charges would yield 
better or at least equivalent energy fre­
quency transmission, but the directed en­
ergy of the projectile slugs was compara­
ti vely better. 

On line 3, the results of several Prim­
acord tests showed slightly better energy 
penetration at some locations but were 
not consistently better than the Seisgun 
results. 

Low-velocity weathered-layer 
were initially collected on line 
recording individual reverse 

data 
1 by 
shot 

1Underlined numbers in parentheses re­
fer to items in the list of references 
preceding the appendix. 



profiles between each eight station lIne 
segments for a total offset of 160 ft. 
At first, 10-Hz low-frequency geophones 
were employed with multiple "shots" by 
simply impacting a metal plate on the 
ground surface with a 12-lb sledge ham­
mer. The technique works and is tradi­
tionally used on many shallow surveys. 
It was found, however, that equal or bet­
ter "first arrival" information could be 
obtained wUh half the effort and time by 
using the Seisgun and 40-Hz detectors in 
a normal production mode of single-end 
recording. Consequently, the reversed 
short spread refraction profiles were 
discontinued. 

PRODUCTION RECORDING 

A procedure was used in the survey to 
achieve a 12-fold COP stack with an 8-
channel recording system, wherein detec­
tor and shot point stations are equally 
spaced at 20-ft intervals on the surface, 
yielding subsurface reflection points at 
10-ft intervals. Three primary eight­
trace records with different offset dis­
tances are recorded from the same shot 
point location by simply advancing the 
instrument COP roll-along switch in 
eight-trace increments. Later, in pro­
cessing, the records are sorted by a com­
puter program and placed end to end to 
form a single 24-trace file pertinent to 
the specific shotpoint. Subsequent pro­
cessing is the same as with any 24-trace 
recording to yield a 12-fold stack. 

The rationale for employing an eight­
trace recording system for the survey was 
based primarily on the following consid­
erations: (1) the need for vertical 
stack (summing) capability for use with a 
low-energy, high-frequency surface 
source, (2) the limited availabIlity of 
instrument systems with the capability 
both to vertically stack multiple shots 
and to record high sample rates. (l/2 to 
1/4 ms) to acquire high-frequency data, 
and (3) an additional advantage provided 
by use of a limited spread system, where­
in total shot energy can be tailored to 
specific offset distances, i.e., many 
more shots can be applied to the far 
traces without lIovershooting" the traces 
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near the shot point or increasing the 
amplitude of coherent noise. 

At the outset of recording it was found 
that, in combination, the large slug and 
shot blast from the first and second 
shots of the Seisgun penetrated the sur­
face soil to a depth of about 4 ft and 
produced a 4- to 5-in-diam hole. Suc­
ceeding shots, however, did not deepen 
the hole, and energy transmission was 
better. Apparently, the initial shot­
slugs flattened and compacted the soil to 
form a denser medium in the vicinity of 
the shot. Consequently, as a general 
procedure, two initial shots were made at 
each shotpoint without a record to '~et 
Upll the hole, after which the succeeding 
shots were recorded. 

The results of the survey show that 12-
fold COP coverage is probably the·~n~mum 
stack that will yield reasonable results 
in this region. 

Field recording showed frequencies up 
to about 250 Hz. The processed data show 
probably valid signal of about 300 to 
400Hz. Reasonable energy was recorded in 
the critical coal horizon window between 
0.100 and 0.200 s. All shots were re­
corded to 1.0 s. 

DATA PROCESSING 

Essentially conventional processing 
procedures were applied except that (1) 
certain adaptations to the computer pro­
gram were necessary to accommodate proc­
essing of the broad band width data, (2) 
additional effort was made in derivations 
and application of trace static correc­
tions, and (3) final display parameters 
were increased by a factor of 10 to fa­
cilitate data interpretation. 

It is fairly certain that significant 
reflection frequencies above 500 Hz had 
not been recorded in the field; however, 
it was decided to process the data at the 
same 1/4-ms sample rate as recorded to 
assure retention of the highest frequen­
cies on tape. The effective band widths 
of the field recording filters were 90 to 
500 Hz and 90 to 1,000 Hz. 

Few data processing centers 
grams in standard use that are 
accept high-resolution 1/2-

have pro­
written to 
to 1/4-ms 
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sampling. For this situation, program 
default values were modified where appli­
cable, but an acceptable procedure of 
using a parameter multiplier of 4x and 

U,S. GOVERNMENT PRINTING OFFICE: 1988 547·000180,014 

processing the I/4-ms data 
tative I-ms sample rate 
adopted. 

at a rep res en­
was generally 
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